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Abstract: - An integrated circuit (IC) dimensions continue to decrease, RC delay, crosstalk noise, and 
power dissipation of the interconnect structure become limiting factors for ultra-large-scale integration 
of integrated circuits. Modern microcircuits may have eight metal layers, each separated by only 0.1 
micrometers. RC delays and cross talk rather than transistor speed are now the major performance 
limitations. The semiconductor industry has responded by developing copper metallization to replace 
aluminum and lower dielectric constant materials to replace silicon oxide. Materials with different low 
dielectric constant are being analyzed to replace silicon dioxide as inter level dielectrics. In this paper, 
how the dielectric constant is affecting the threshold voltage is first discussed. The simulation works 
are carried using MATLAB, SCHRED software. Based on the results obtained on the effect of k- 
values on V T in nano MOSFETs, the low-k material (PTFE) is suggested as a suitable material for the 
development of MOSFET as well as interconnects. 
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I. INTRODUCTION 

The continuing miniaturization of feature sizes in integrated circuits (ICs) has led to significantly 
improved device performance and higher packing densities. When feature sizes are reduced beyond 180 nm, 
however, hundreds of millions of transistors are assembled on a single chip, leading to the increase of RC delay, 
power consumption, and wire cross-talk between multilevel interconnects [1-4]. As the signal delay from 
interconnect becomes the limitation of chip performance and reliability [3,5] new materials must be discovered 
for metal wires and interlay er dielectrics (ILDs). Higher-performance devices could be achieved with the 
introduction of copper as a low resistivity conductor and new low dielectric constant (k) materials (preferably 
k<2.0) to replace silicon dioxide (k = 3.9). The other side of the story is that the gate oxide required is about 1.2 
nm thick and the leakage current at a gate voltage of 1-volt lies between 100 and 1000 A/cm for the 65nm 
technology node. If the high gate leakage cannot be tolerated, (e.g., portable applications where battery lifetime 
is a design priority), then the use of high-k gate dielectrics becomes mandatory [6-11]. The high-k dielectrics 
allow reducing leakage while keeping a very low electrical equivalent oxide thickness (EOT). Recently, the 
commitment of INTEL and IBM to put hafnium-based high-k gate dielectrics and metal gate electrodes into 
production for the 45 nm generation leads to major challenges. 

Hence, realization of interconnects using low-k dielectric and low leakage gate oxide employing high-k 
dielectric for the present day electronics with shrinking sizes of semiconductor devices have been reported. 
However, this implementation is not that easy since the introduction of low k dielectrics poses a greater 
integration challenge than the introduction of copper metallization and this is reflected by the fact that many 
device manufacturers have chosen to introduce copper before low k [6,8,15-17]. However, the need for low-k 
employed interconnects and high k gate oxides and choice of material for these applications have been decided 
to overcome the physical limits that are to be exercised on the thickness of the Silicon -dioxide. [15-17]. 

In addition to this, successful scaling of MOSFETs towards shorter channel lengths requires higher 
doping levels to achieve high drive currents and minimized short-channel effects. All these remedies stand on 
the basis of semiconductor theory explained by classical mechanics. But as the size goes below 45nm the 
analysis of MOSFET operation by classical theory and its validity is not known well. For these nanometer 
devices it was demonstrated a long time ago that, as the oxide thickness is scaled to 10 nm and below, the total 
gate capacitance is smaller than the oxide capacitance due to the comparable values of the oxide and the 
inversion layer capacitances. As a consequence, the device transconductance is degraded relative to the 
expectations of the scaling theory. The inversion layer capacitance was also identified as being the main cause 
of the second-order thickness dependence of MOSFET 's TV-characteristics [7]. The finite inversion layer 
thickness was estimated experimentally by Hartstein and Albert [8]. The high levels of substrate doping, needed 
in nano-devices to prevent the punch-through effect, that lead to quasi-two-dimensional (Q2D) nature of the 
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carrier transport, were found responsible for the increased threshold voltage and decreased channel mobility, 
and a simple analytical model that accounts for this effect was proposed by van Dort and co-workers [9,10]. 
Later on, Vasileska and Ferry [11] confirmed these findings by investigating the doping dependence of the 
threshold voltage in MOS capacitors. These results clearly demonstrate the influence of quantum-effects on the 
operation of nanoscale MOSFETs in both the off- and the on-state. The two physical origins of the inversion 
layer capacitance, due to the finite density of states and due to the finite inversion layer thickness, were 
demonstrated experimentally by Takagi and Toriumi [12]. A computationally efficient three-subband model 
that predicts both the quantum-mechanical effects in the electron inversion layers and the electron distribution 
within the inversion layer. 

The conclusion is that any state-of-the-art simulator should incorporates poly-depletion effects to 
correctly predict the device off- and on-state behaviour. A simulator must take into consideration the quantum- 
mechanical nature of the carrier transport and the poly-depletion effects to correctly predict the device off- and 
on-state behaviour. One such tool that has been successfully utilized in the calculation of the energy level 
structure in simple MOS or dual-gate capacitor structures is SCHRED that has been developed at Arizona State 
University and Purdue University and is currently residing on the Purdue NanoHUB. When the situation is like 
this, it becomes essential to see if the performance of the nanoscale MOSFETs are improved by high-K gate 
dielectrics and the influence of the low k dielectrics in reducing the inter layer capacitance considering the 
quantum effects. This can be easily achieved using the simulation software package like SCHRED. 

This paper presents the details of a study that focuses in the analysis of threshold voltage of nanoscale 
MOSFETs employing different gate dielectrics of various k values using classical and quantum theories at 
different miniaturization scales. The MOSCAP structures and their threshold voltages have been estimated using 
MATLAB, SCHRED software packages. The results thus obtained are compared to study the role of k- values of 
dielectrics on threshold voltages and the outcomes of the comparison studies have been presented. 



II. 



STRUCTURE OF MOSFET/MOS CAPACITOR 



The structures of the MOS Capacitors and MOSFETs considered in this study are shown in Figure la 
and lb respectively. Suppose we build a parallel plate capacitor, where one plate is metal, another plate is a 
semiconductor (e.g. weakly doped silicon), and the insulator is Si0 2 . Such a device is called a MOS (metal- 
oxide- semiconductor) capacitor. The metal plate is called the gate and is not always built out of metal. 
Nowadays, gates are made from heavily doped polycrystalline silicon (or "Polysilicon" or just "poly"). 
Polysilicon does not have a rigid crystal lattice and conducts current freely, acting almost like a metal. Since the 
study of MOS capacitors involve material that is basic in the understanding of MOS transistors, the main 
building blocks in the fabrication of electronic circuits. That is because the gate of MOS transistor behaves like 
the MOS capacitor. The usual procedure for characterizing those capacitors and the material properties of the 
layers forming them is the Capacitance- Voltage (C-V) curve provides the variation of the capacitance with 
voltage, applied between the metal and silicon layers, for the three main regions of operation of the capacitor 
(accumulation, depletion and inversion regions). 
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Fig. 1. (a) General construction of MOS 



capacitors Figu.l. (b) General construction of N-channel 
MOSFET 



A field effect transistor (FET) operates as a conducting semiconductor channel with two ohmic 
contacts - the source and the drain - where the number of charge carriers in the channel is controlled by a third 
contact - the gate. The basic MOSFET structure is shown schematically in Figure lb. In silicon MOSFET, the 
gate contact is separated from the channel by an insulating silicon dioxide (Si02) layer. The charge carriers of 
the conducting channel constitute an inversion charge, that is, electrons in the case of a /7-type substrate (n- 
channel device) or holes in the case of an ^-type substrate (^-channel device), induced in the semiconductor at 
the silicon-insulator interface by the voltage applied to the gate electrode. The electrons enter and exit the 
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channel at n + source and drain contacts in the case of an ^-channel MOSFET, and at p+ contacts in the case of 
a /^-channel MOSFET. 

III. METHODOLOGY 

In order to study the effect of dielectric on threshold voltage in nanoscale MOSFETs, the analysis was 
carried out for different dielectric thickness on MOSCAPs using classical mechanics theory, semi classical 
mechanics and quantum theory. The simulation of MOSCAPs is carried out to obtain the C-V characteristics 
based on the above said theories. The threshold voltages for various dielectric materials with different substrate 
doping concentration are extracted from the C-V characteristics obtained for various cases. The various 
dielectrics considered in this study are PTFE (k=2.1), Polyethylene (k=2.25) and Si0 2 (k=3.9). 

This study focuses on estimating the dependence of threshold voltage on dielectric material, doping 
concentration of the channel in sub nanoscale devices. Further it becomes important to apply the correct model 
to estimate the threshold voltage for nano scale devices since the correctness of the device performance 
evaluated by conventional classical mechanics is a questionable at sub nano meter level. For this reason that the 
conduction phenomenon at such low scales is not validate. Hence a systematic study using these parameters at 
nanoscale dimensions becomes important and essentially required. In order to achieve this goal, the following 
cases have been considered in this study. 
Case (1) Effect of a selected dielectric material on threshold voltage (V T ) for different gate dielectric 
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dimensions for the doping concentration (N A ) in the range of 1x10 /cm to 1x10 /cm . 

Case (2) Effect of a selected dielectric thickness on V T for different dielectric material for the doping 

concentration in the range of 1x10 /cm to 1x10 /cm . 

Case (3) Effect of a selected dielectric thickness and a dielectric material on V T for different device theories for 

the doping concentration in the range of 1x10 /cm to 1x10 /cm . 

For all these cases, the C-V characteristics are obtained at different doping levels of the channel for 
different combinations as said above. As stated earlier, the doping needs to be kept very high to achieve high 
drive currents and minimized short-channel effects in nano MOSFETs. Considering this fact, the investigations 

ICQ 9 1 "3 

have been carried out for different doping concentration in the range of 1x10 /cm to 1x10 /cm . In order to 
bring out the effect of dielectric on V T in nanoscale MOSFETs the above said analysis is carried out for 5nm to 
20nm. The different models used in this study include the conventional model for V T based on classical 
mechanics, Berkeley Model that is based on quantum mechanics and SCHRED Classical model and SCHRED 
quantum model available at http://www.nanohub.org . These various models are briefly introduced in the 
forthcoming section for the convenience of the reader before the results of various analyses are presented. 

IV. THEORITICAL BACKGROUND OF DIFFERENT MODELS OF V T . 

As explained in the methodology the threshold voltages are obtained using different models like the 
conventional theoretical, BERKELEY, SCHRED Semi classical and SCHRED quantum model. 

A. Conventional MOSFET theory based on classical mechanics for V T 

The threshold voltage of a MOS capacitor is defined as the gate voltage required to cause strong 
inversion or to make the band bending equal to 2(|) f . The equation for threshold voltage [12] is written as shown 
in equation 1 . 

The threshold Voltage is calculated theoritically as follows: 

Threshold voltage V th = +2^t (1) 

where 

Threshold voltage Vth = Vox -h ^s (2) 

Surface potential <j> s = 2<£J (3) 

/Hal 
Fermi potential <£f = Vtlnl— (4) 

Oxide voltage Vox = ■ (5) 

Cck 

Depletion width Wd(max] = I (6) 

Oxide capacitance Cox = (7) 

B. BERKELEY Model for V T 

This model calculates the capacitance-voltage characteristics of an MOS capacitor considering the 
electron/hole distributions in both inversion and accumulation modes. These distributions are calculated by 
solving Schrodinger's and Poisson's equations self-consistently with the Fermi-Dirac distribution using the 
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physical parameters for (100) Si by a MATLAB software developed by BERKELEY University [18]. The 
algorithm used in software is described by the flow chart as shown in figure 2. 
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Figure. 2. Algorithm for Calculating V th of a MOS Capacitor Using BERKLEY Model. 

C. The SCHRED model for V T 

SCHRED calculates the envelope wave functions and the corresponding bound-state energies in typical 

metal oxide semiconductor (MOS), silicon-on-substrate(SOS) or silicon-on-insulator (SOI) structures by solving 

self-consistently the one-dimensional (ID) Poisson equation and the ID Schrodinger equations. The important 

features of SCHRED model is that it can simulate both p type and n type silicon bodies for bulk or SOI 

structures and can assume both n-type and p-type polysilicon or metals with specified work function as the gate 

contact. It gives the flexibility to estimate V T in both classical and quantum modes. Further the user can select 

either Max well -Boltzmann or Fermi-Dirac statistics in the classical simulation mode and SCHRED assumes the 

[100] plane to be parallel to the Si/Si0 2 interface in quantum simulation mode. 
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Figure. 3. Algorithm used in SCHRED model 

It gives a wide range of outputs like conduction-band edge profile, charge density per cm and per cm 
in the body, average distance of carriers from the interface, total gate capacitance C tot , and oxide capacitance C ox . 
It also provides the subband energies and wave functions in the body when the quantum mode simulation is 
chosen. Figure. 3 shows the algorithm used in SCHRED model in both simulation modes. 

V. C-V CHARACTERISTICS OF MOSFETS 

The C-V characteristics of MOSCAPs using various dielectrics at the different doping levels are 
obtained by all the four different theories as described in the previous sections. The threshold voltages extracted 
from these CV characteristics are presented and discussed here for the doping range of N A =1x10 /cm to 
lxl0 2 7cm 3 . 

A. Effect of a selected dielectric material on V T for different gate dielectric dimensions 

In this section the focus is the effect of a dielectric material on VT at various thickness of the 
dielectrics. The threshold voltages have been obtained using all the four models. 
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1) Conventional inversion mode Model 

The effect of low-k dielectric on the threshold voltage has been studied by simulation of MOSCAPs 
with a doping concentration in the range of N A =lxlO /cm 1x10 /cm and compared with the MOSCAPs with 
Si0 2 as dielectric thickness. The authors have considered the different dielectric thickness viz. 5nm, lOnm, 
15nm and 20nm. The threshold voltage values have been obtained using MATLAB with different thickness for 
PTFE, Polyethylene and Si0 2 has shown in Table 1 . 





Table 1: Calculated V 


Th of a MOS Capacitor using conventional theoretical method. 
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PTFE (k=2.1) 
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By employing conventional theoretical model as said in section 3 the threshold voltage of a MOSCAP 
using the dielectric materials viz PTFE, Polyethylene, and Si0 2 at different oxide thickness was obtained and 
plotted. The V T comparison plotted for PTFE, polyethylene and Si0 2 are shown in the figure 4a, 4b and 4c 
respectively. It is observed that the threshold voltages remain almost constant irrespective of dielectric constant 

1 C 'J 1 O "1 

and thickness for the doping region of 1x10 /cm to 1x10 /cm , with a deviation of a 65% maximum. It is also 
seen that these values for very high doping are impractical. 
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Figure.4.(a) Comparison of V T obtained at 
Tox=5nm, lOnm, 15nm, 20nm for PTFE with 
substrate doping N A =lxl0 15 /cm 3 to lxl0 21 /cm 3 
using conventional model 



Figure.4.(b) Comparison of V T obtained at Tox= 
5nm, lOnm, 15nm, 20nm for polyethylene with 
substrate doping NA=lxl0 15 /cm 3 to lxl0 21 /cm 3 
using conventional model 
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Figure.4.(c) Comparison of V T obtained at Tox=5nm,10nm, 15nm, 20nm for Si0 2 
With substrate doping Na = 1x10 /cm to 1x10 /cm using conventional model. 
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2) BERKELEY Model 

In BERKELEY model the MATLAB program was executed to obtain the C-V graph of the MOSCAP 
using the various dielectric materials PTFE, Polyethylene, and Si0 2 at dielectric thickness of 5,10,15 and 20nm. 
The C-V characteristics of MOSCAP having a doping concentration value of 1x10 /cm and with the dielectric 
thickness of 5nm employing Si0 2 , Polyethylene and Teflon is shown in Figure 5. From the obtained C-V 
characteristics the threshold voltage (V T ) was extracted and were tabulated separately. 
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The various threshold voltages V T comparison plotted for PTFE and Polyethylene and Si0 2 are as 
shown in the figure 6a, 6b and 6c respectively. These results also follow the same trend as seen in the results 
obtained using classical mechanics. The threshold voltages are almost same for 1x10 /cm to 1x10 /cm , with 
a deviation of a 56% maximum. 
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Figure.6.(a) Comparison of V T obtained at Tox=5nm, Figure.6.(b) Comparison of V T obtained at 
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3) SCHRED Semi Classical Model 

In Semi Classical model the SCHRED software [19] was executed and obtained the C-V graph of the 
MOSCAP with the various dielectric materials PTFE, Polyethylene and Si0 2 at different oxide thickness value 
of 5,10,15 and 20nm. From the C-V graph the threshold voltages for the various dielectric materials at different 
oxide thickness were extracted and tabulated. 
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to 1x10 /cm using SCHRED Semi classical model 



The V T comparison plotted for PTFE and Polyethylene and Si0 2 under the semi classical theory is as 
shown in the figure 8a, 8b and 8c. It is observed that the threshold voltages remain almost constant irrespective of 
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dielectric constant and thickness for the doping region of 1x10 /cm to 1x10 /cm , with a deviation of a 60% 
maximum. It is also seen that these values for very high doping are impractical. 
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Figure.8.(a) Comparison of V T obtained at Tox=5nm, Figure.8.(b) Comparison of V T obtained at 
Tox=5nm, 
lOnm, 15nm, 20nm for PTFE with substrate doping N A lOnm, 15nm, 20nm for polyethylene with substrate 

doping 



= lxl0 15 /cm 3 to lxl0 21 /cm 3 using SCHRED 
classical semi classical model 



N A =lxl0 15 /cm 3 to lxl0 2 7cm 3 using SCHRED semi 
model. 
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Figure.8.(c) Comparison of V T obtained at Tox=5nm,10nm, 15nm, 20nm for Si02 with substrate 

1 S ^ 91 ^ 

Doping as N A =lxl0 /cm to 1x10 /cm using SCHRED Semiclassical model. 



4) SCHRED Quantum Model 

Similar to the semi classical method the C-V graph was obtained for quantum model also. 
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Figure :9a C-V curve of PTFE for Tox=5nm 
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1x10 /cm using SCHRED quantum model 
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Figure: 9b C-V curve of PTFE, Polyethylene, 
Si0 2 with Tox=5nm and substrate doping as N A 



91 3 

to 1x10 /cm using SCHRED quantum model. 



The C-V characteristics of MOSCAP using the dielectric material as PTFE thickness of 5nm in the range 

1 C T 1 Q T 

of doping concentration 1x10 /cm to 1x10 /cm has been shown in Figure 9a. The C-V characteristics of 
MOSCAP using the dielectric material PTFE, Polyethylene and Si0 2 with dielectric thickness of 5nm in the 
doping concentration of 1x10 /cm has been shown in Figure 9b. 

From the various C-V graphs the threshold voltage for the different dielectric materials PTFE, 
Polyethylene, and Si0 2 at different oxide thickness was extracted and tabulated. The V T comparison plotted for 
PTFE and Polyethylene and Si0 2 under the SCHRED quantum model are shown in the figure 10a, 10b and 10c. 
It is observed that the threshold voltages remain almost constant irrespective of dielectric constant and thickness 
for the doping region of 1x10 /cm to 1x10 /cm . 
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Fig. 10a. Comparison of V T obtained at Tox=5nm, lOnm, 



Fig. 10b. Comparison of VT obtained at 

20nm for 



1 c o 

Tox=5nm, lOnm, 15nm, 15nm, 20nm for PTFE with substrate doping N A =lxlO /cm 

1 C T 

Polyethylene with substrate doping N A = 1x10 /cm to 
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to 1x10 /cm using SCHRED quantum mode 
model. 
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Figure.lO.(c) Comparison of V T obtained at Tox=5nm,10nm, 15nm,20nm for Si0 2 with 
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Substrate doping as N A =lxlO /cm to 1x10 /cm using SCHRED quantum model. 



B. Effect of a selected oxide thickness on V T for different dielectric material 

In the second case (case ii) we have considered the comparison of different dielectric materials at 
selected oxide thickness. The comparison of different dielectric materials under SCHRED semi classical model 
with an oxide thickness of 5nm and 20nm are shown in the figure 11a and 1 lb. 



60 



50 



o 

> 40 H 



<=-30 
(U 

CT} 
(0 

"I 20- 

o 

% 10-1 



0-L 



MODEL: Semi classical 
Oxide Thickness(Tox)= 5nm 

— ■ — PTFE 

— • — POLYETHYLENE 
— a— Si02 



PTFE /* 




Polyethylene 



15 



- J— 
16 



17 



19 



Doping concentration N 1e 



20 

1 e 21 



21 



:-■ 



w 
en 

o 
w 



240 - 
220- 
200- 
1B0 - 
1B0- 
140 - 
120 - 
100- 

90 - 

B0- 

40 - 

20- 

-L- 

M, 



MODEL: Semi classical 
Oxide Thicktiess(Tox)= 2 Onm 

— ■ — PTFE 

— ♦ — POLYETHYLENE 
— A-Si02 




1U 



1 f 



in 



:>\> 



Pob^tl^lAnt 



13 H _B1 



Doping concentration N a 1e - 1e 



Figure :11a Comparison of V T for different dielectric materials Figure : 1 lb Comparison of V T for different 

dielectric 

at Tox =5nm with substrate doping as Na=1x10 /cm materials at Tox =20nm with substrate doping as 

N A = 
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to 1x10 /cm using SCHRED semi classical model, 
classical 



lxl0 15 /cm 3 to lxl0 2 7cm 3 using SCHRED semi 
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Model. 
Similarly the comparison of different dielectric materials under SCHRED quantum model with an 
oxide thickness of 5nm and 20nm are shown in the figure 12a and 12b. 
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Figure : 12a Comparison of V T for different dielectric materials Figure : 12b Comparison of V T for different 

dielectric 

materials at Tox =20nm with substrate doping as 

N A = 



1 s ^ 

at Tox =5nm with substrate doping as N A =1x10 /cm 



91 3 

to 1x10 /cm using SCHRED quantum model. 



Ixl0 15 /cm 3 to lxl0 21 /cm 3 using SCHRED 



quantum 

Model. 

From the above graph we can observe that the threshold voltage (V T ) for the different dielectric 
materials are also be constant in the doping concentration range of 1x10 /cm to 1x10 /cm for the oxide 
thickness range of 5nm to 20 nm. 

C. Effect of a selected oxide thickness and a dielectric material on V T for different device theories 

In the third case (case iii) we have considered the comparison of different device theories for selected 
dielectric material with selected oxide thickness. The comparison of conventional model, BERKELEY model, 
SCHRED semi classical model, SCHRED quantum model for PTFE, Polyethylene and Si0 2 at 5nm oxide 
thickness are shown in the figure 13a, 13band 13c respectively. 
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Figure: 13a Comparison of different device model 
For PTFE at Tox= 5nm with substrate doping as N A 
as N A =lxl0 15 /cm 3 to lxl0 2 7cm 3 



Figure: 13b Comparison of different device model 
for Polyethylene at Tox= 5nm with substrate doping 



= lxl0 15 /cm 3 tolxl0 21 /cm 3 . 
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Figure. 13. (c) Comparison of different device model for Sio 2 at Tox= 5nm with 

Substrate doping as N A =lxl0 15 /cm 3 to lxl0 21 /cm 3 . 

From the above graph we can observe that the threshold voltage (V T ) for the different device models 
for a particular dielectric material is also be constant in the doping concentration range of 1x10 /cm to 
1x10 /cm for a particular dielectric thickness. 

VI. CONCLUSION 

The effect of low-k dielectrics on the MOSFET characteristics have been studied extensively. The 
results obtained using various models show that the threshold voltages at different doping concentration remains 
almost the same irrespective of the "k" of various dielectric materials with (K<4 (Si0 2 )). This phenomenon is 

i q a i q a 

seen only upto 1x10 /cm . Beyond this >10 /cm , the threshold voltages increased with doping concentration 
irrespective of the "k" value of the dielectric material. Similarly in this doping region of 1x10 /cm to 

i q a 

1x10 /cm the threshold voltage remains almost the same for various dielectric thicknesses in the range of 5nm 
to 20nm irrespective of the material. It is also seen that the threshold voltages obtained by various models seem 
to be matching closely. 
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